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Abstract: In present study kinetics and equilibrium isotherms models were used in static / batch
technique to demonstrate phenomena involving in the process of Rhenium ions uptake on Purolite A170
ionite. In order to realize the adsorption mechanism, four widely used adsorption isotherm models were
subjected in detail. The results suggested that in general all models applied generate a satisfactory fit on
laboratory data but both Freundlich and D-R isotherm models showed the selectivity coefficient (R2) more
than 0.99, and so they can be used to track the equilibrium of the process. Also, in current conditions the
maximum monolayer coverage capacities (qm) from the Langmuir isotherm was calculated to be 166.67
mg/g. Modeling of the batch kinetic adsorption was performed by pseudo first order, pseudo second order,
Elovich and Intraparticle diffusion equations. The analysis of the results showed that the pseudo second
order model can define the adsorption rate properly than others.

Keywords: Kinetics and isotherm models, Rhenium, Purolite A70 resins.

INTRODUCTION

Rhenium occurs in scattered form and because of doesn’t have own minerals it is one of the rarest
elements in the Earth’s crust with an estimated average concentration of 1ppb[1]. Generally, rthenium is
obtained as by-product of refinement of copper — molybdenum ores, which are a primary rhenium source.
Formal valences of rhenium range from —1 to +7 and the most stable ionic state is 4+, since the ionic
radius of Re**(0.72 A) is close to the radii of Mo*" (around 0.70 A), thus favoring a random substitution
by rhenium in the isostructural molybdenite (MoS,), the common molybdenum ore component recognized
as the main Re-carrier [2]. Moreover, it is extracted from spent catalysts of petrochemical industry, among
which platinum rhenium catalysts are major secondary sources of rhenium [3].

The free element of rhenium has the third-highest melting point and highest boiling point of any element
at 5.873K also its alloys present high mechanical endurance in elevated temperatures. So it is an ideal metal
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for use at very high temperatures such production of whirling components of jet engines and turbines as
well as rocket engine nozzles [4,5]. The wide industrial applications of rhenium and its low availability
relative to demand, makes it expensive. According to analysis, the world may face a significant lack of
rhenium in the market so the maximum use of known sources for its production seems to be necessary [6].

The Eh-pH diagram for Re-S-H,O system (dissolved S and Re species are 10™" and 107 respectively)
is shown in Figure 1 [7], showing that rhenium in aqueous solutions has a stable form of monomeric anion
ReO* (perrhenate) in over a large region of acidic as well as alkaline pH values. Like other monovalent
anions the perrhenate has strong affinity to anion exchange resins [8].

This study aimed at investigation of the rhenium adsorption behavior by the resins Purolite A170 that is
weak base/macroporous type.

Eh (volts)

Figure 1. Eh—pH diagram for Re-S—-H,O system (25°C, Ibar, }S=10"'and } Re=10"°)

METHODS

The A170 anionite preliminary was converted to SO,* form. Weighed amount of resin was kept with
2mol/1 H,SO, for 48h and subsequently led to the swelling of resin. Thereafter, the treated resin was filtered
and washed by deionized water till a constant value of pH was achieved and later was dried by an oven at
323+1K duration next 24h [9,10].The methodology must be clearly stated and described in sufficient detail
or with sufficient references.

The adsorption experiments were carried out under batch/static condition with conical flask (150ml).
Amount of adsorbed rhenium on anionites was determined from the difference between its initial and final
concentration in the solution. All equilibrium adsorption isotherms experiments were conducted at 288K.
The pH of the investigated solutions was ~1.5 and did not change in the studied temperature range. 0.1gr of
the resins were mixed with 50mL sample solution at different concentrations of [Re"’]°=50mg/I - 250mg/1.
The flasks were kept in a thermostated shaker at a speed of 180rpm for 24h.

Adsorption kinetics and thermodynamics were investigated by adding 0.1gr of the adsorbents in 50mL
solution of 250mgl! rhenium concentration at different temperatures, e.g. 288, 303, 311 and 321K. The
capacity of adsorbed metal was calculated from the mass balance equation as follows:

qe:%y‘ (1)

Where C, is the initial concentration of rhenium in solution (mg/l), Ce stands for the equilibrium
concentration measured after adsorption (mg/l); V is the total volume of solution (I) and W is the weight of
dry resins (gr)[18].
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FINDINGS AND ARGUMENT

Adsorption isotherms are remarkably profitable to explain the possibility of molecules or ions of
adsorbate interaction with sorbent surface sites as well as their degree of accumulation onto sorbent surface
at constant temperature. The mathematical models that describe the distribution of the adsorbate among the
adsorbent and liquid phase are known as adsorption isotherms [11,12]. Analysis of equilibrium data obtained
using different models is the preliminary step to find out their adequacy to represent the experimental data.
In the current study, the most frequently applied isotherm models, namely, Langmuir, Freundlich, Temkin
and Dubinin—Radushkevich (Egs. 4-7) used to fit the experimental data via linear regression techniques to
demonstrate the involved phenomena in the process of perrhenate ions sorption [11].

. C, C, 1
Langmuir: =—+ ()
qe Qmax qmax KL
' 1
Freundlich: loggq, =logk , +—logC, (3)
T on
Temkin: g, = % In A4+ % logC, 4)
ol 1
Dubinin - Radushkevich (D-R):Ing, =Ing,, — | RTIn| 1+ — || ,E =— (5)
o ¢ p

Where ge is the amount of metal adsorbed on resins (mgeg-1) in equilibrium state, Ce is the concentration
of metal remained in the solution (mgeL-1), gmax is the maximum loading capacity of the used resins, K,
is the Langmuir constant related to the energy of adsorption (L*mg-1), K, is the Freundlich constant related
to the adsorption capacity (Lemg-1), 1/n is the heterogeneity factor, A and b are the Temkin constants, qm is
the Dubinin-Radushkevich monolayer capacity (mgeg-1) and B (mol2+kJ) is a constant with dimensions of
energy, € is the Polanyi sorption potential which is the amount of energy required to pull a adsorbed molecule
from its sorption site and E is the mean free energy of adsorption per mole of the adsorbate(kJemol™!).

As mentioned above the adsorption isotherm studies for Re (VII) were carried out at different levels
of concentrations of metal solutions. The obtained isotherm data has been plotted on discussed models
respectively (Figure 2), from which relative constants have been summarized in Table 1. It can be seen
that experimental data lie well on isotherm’s model as correlation coefficient values (R?) for these plots are
higher than 0.97. These results suggest that all of them can generate a satisfactory fit but both Freundlich
and D-R isotherm models for each of used adsorbents show the selectivity coefficient more than 0.99. As
can be deduced from the data reported in Table 1, the maximum monolayer coverage capacities (qm) from
Langmuir isotherm is 166.67mg/g.

The fit of the data to the Freundlich isotherm shows that the adsorption process isn’t restricted to one
specific class of sites and assumed heterogeneity of the adsorbent surfaces with different energies of
adsorption [13,14]. Researchers have tried to link the Freundlich parameters K, and 1/n to mechanisms
of adsorption [15]. Generally, K, and n are constants incorporating all factors affecting the adsorption
capacity and an indication of the favorability of metal ion adsorption onto adsorbent, respectively [16]. For
classification as favorable adsorption value of n should lying in the range of 1 to 10 also the smaller 1/n, can
be related to the greater adsorption surface heterogeneity. In multicomponent systems the high 1/n value
indicates the preferential sorption [12]. As seen from the data, the n value is more than one that is indicating
the favorable and easily adsorption of Re(VII) from aqueous medium([13,17]. The high 1/n value for A170
indicates that in competitive situations perrhenate ions can be adsorbed selectively by this resin [12].

The D-R is another data-adapted model with the best correlation coefficient (R>=0.998) for both applied
resins. This model is generally used to express the adsorption mechanism [18]. The approach is usually
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applied to distinguish the physical and chemical adsorption of metal ions by constant E [19]. The value
of E represents the amount of mean free energy that is needed for removing a molecule of adsorbate
from its location in the sorption space to the infinity [20]. When the value of E is below 8kJ/mol, the
adsorption process can be considered as the physical adsorption while in the range of 8—16kJ/mol, it is the
chemical adsorption [21,22]. As summarized in Table 1, the values of mean free energy, E, is above 8kJ/
mol. Therefore, the effect of chemical adsorption will play a dominating role in the adsorption process of
ReO* ions on both resins.

Analysis of kinetics parameters of ion-exchange, such as diffusion coefficient, energy and entropy of
activation, or free energy change, is essential to understand the mechanism, rate determining step, rate laws,
and ease of the ion exchange process [23]. In the present work the evaluation of aforementioned parameters
have been done with variation of Re (VII) sorption as a result of temperature changing. Modeling of
batch kinetic adsorption performed by pseudo-first-order, pseudo-second-order, Elovich and intraparticle
diffusion equations. The linear form of equations can be expressed as follow [11]:

k,

Pseudo first-order equation: 1o -q,)=logq, ———1t (6)
q %q, ~9q,)=logq. 5= =
t 1 1
Pseudo second-order equation: — = >+ —1 (7
9 k4. 4.
1 1
Elovich equation: ¢, = — In(aff) + —In¢ ®)
B B
. . . . 0.5
Intraparticle diffusion equation: §, = k,-f ©)

Where in Eqs.6 and 7, qt and ge are the amount of adsorbate (mg.g-1) at any time (t) and at equilibrium,
respectively, k1 is the rate constant of pseudo first-order model (h-1), and k, (mg.g"'. h™') is the rate constant
for pseudo-second-order. In Eq. 8, a (mg.g'.h™") is the initial sorption rate constant, and 3 (g.mg™) is related
to the extent of surface coverage and chemisorptions energy of activation and in Eq.9, ki (mg.g-1.h*?) is
the intraparticle diffusion rate constant.

The kinetic parameters and selectivity coefficient (R?) were calculated from presented kinetic models and
the ensuing results are summarized in Table 2. It is clear from the values of R* that for all studied conditions
the second order kinetic equation is more applicable than others for describing the experimental data [24].

Table 1. Isotherm constants for different models for Re (VII) adsorption on the Purolite A170

Parameters Model

166.67 onax (ME &)

0.67 Ki(L mg") Langmuir
0.985 R?

53.83 K((mg/g)/(mg/1)"™)

2.09 N Freundlich
0.993 R’

8.76 A(L mg")

83.86 b(J mg") Temkin
0.978 R’

0.006 qm(mg g7

3.37 B(mol” kJ)(*10™7) . _

- Dubinin — Radushkevich (D-R)

12.18 E(kJ mol™)

0.998 R’
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Figure 2. The adsorption isotherms of single Re ions by Purolite A170
Table 2. Kinetic parameters of Re (VII) adsorption on to the PuroliteA170
Intraparticl
n fapa‘ el Elovich Pseudo second-order Pseudo first-order Model
diffusion
2 Ki 2 B a 2 K> Qe ) K Qe ge(exp) | Tem.
R -1 th,S R -1 rlhfl R rlhfl -1 R hrl -1 -1 K
mgg ) (gmg’) | (mgg™h™) (mgg'h”) | (mgg™) () | (mgg)| (mgg) | (K)
0.922 3.07 0.986 | 0.057 40.83 0.999 | 0.00033 125 0.992 | 0.011 55.53 116 288
0.92 3.08 0.985 | 0.057 43.28 0.999 | 0.00034 125 0.988 | 0.011 63.62 117 303
0917 291 0.984 0.06 56.75 0.999 | 0.00036 125 0.987 0.01 54.76 118 311
0.907 2.84 0.979 | 0.062 63.86 0.999 | 0.00037 125 0.986 0.01 54.32 119 321

Identifying the ion exchange process rate limiter and mechanism is commonly performed through
using the intra-particle diffusion model [25]. The rate constants for the adsorbent corresponding to the
intraparticle diffusion (Figure 3) indicates that the slope of each portion determines its rate. As seen from
the Figure, there are 3 stages involved in adsorption of rhenium on A170 including (1) diffusion of the
perrhenate ions from the bulk solution to the film surrounding the adsorbent, (2) their diffusion from the
film to the adsorbent surface and (3) diffusion from the surface to the internal sites [11]. Comparing of
slopes demonstrates that the sharper portion belong to arriving of adsorbates ions to adsorbents surrounding
film by shaking (180rpm).

CONCLUSIONS

The results obtained from investigations on rhenium adsorption in static conditions with A170 indicated
that the values of the goodness-of-fit of adsorption data on all studied isotherm’s model, (Langmuir,
Freundlich, Temkin and Dubinin—Radushkevich), show high value of correlation, R*>>0.97), however the
adsorptions behavior preferably follow Freundlich and D-R isotherm models with selectivity coefficient
more than 0.99. The calculated statically saturated maximum adsorption capacity from Langmuir isotherm
for A170 was 166.67mg/g. The fit of the data to this model denotes that the adsorption reaction is the rate
limiting step of the overall adsorption process. The results obtained from rate constants according to the
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Figure 3. Intra-particle diffusion equation for the adsorption of Re from single system on the A170 resin at the
different temperature

intraparticle diffusion showed that the sharper portion belong to arriving of adsorbates ions to adsorbents
surrounding film by shaking.
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